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The  electronic  structure  of  Co  atoms  in  cobalt  phthalocyanine  (CoPc)-based  carbon  catalysts,  which  were 
prepared  by  pyrolyzing  a  mixture  of  CoPc  and  phenol  resin  polymer  up  to  1000°C,  has  been  investi¬ 
gated  using  X-ray  absorption  fine  structure  (XAFS)  analysis  and  hard  X-ray  photoemission  spectroscopy 
(HXPES).  The  CoK  XAFS  spectra  show  that  most  of  the  Co  atoms  are  in  the  metallic  state  and  small  quan¬ 
tities  of  oxidized  Co  components  are  present  in  the  samples  even  after  acid  washing  to  remove  Co  atoms. 
Based  on  the  difference  in  probing  depth  between  XAFS  and  HXPES,  it  was  found  that  after  acid  wash¬ 
ing,  the  surface  region  with  the  aggregated  Co  clusters  observed  by  transmission  electron  microscopy  is 
primarily  composed  of  metallic  Co.  Since  the  electrochemical  properties  remain  almost  unchanged  even 
after  the  acid  washing  process,  the  residual  metallic  and  oxidized  Co  atoms  themselves  will  hardly  con¬ 
tribute  to  the  oxygen  reduction  reaction  activity  of  the  CoPc-based  carbon  cathode  catalysts,  implying 
that  the  active  sites  of  the  CoPc-based  catalysts  primarily  consist  of  light  elements  such  as  C  and  N. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  have  attracted  consider¬ 
able  attention  as  a  clean  energy  source  because  they  can  operate 
at  lower  temperatures  (80-1 00  °C)  than  other  types  of  fuel  cells 
and  generate  electricity  through  an  electrochemical  reaction  that 
produces  only  water  from  hydrogen  and  oxygen  gases.  Since  the 
reaction  rate  at  the  cathode  is  much  lower  than  that  at  the  anode, 
the  performance  of  PEFCs  depends  on  the  cathode  catalyst.  Plat¬ 
inum  has  conventionally  been  employed  as  cathode  catalyst  due  to 
its  high  activity  for  the  oxygen  reduction  reaction  (ORR)  [1  ].  How¬ 
ever,  since  Pt  is  precious  and  expensive  metal,  alternative  materials 
are  necessary  for  the  realization  and  widespread  adoption  of  low- 
cost  PEFCs.  There  have  been  many  reports  on  alternatives  to  Pt 
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cathode  catalysts  [2],  for  example,  Pt-M  alloys  (M:  3d  transition 
metal),  which  have  higher  ORR  activity  than  Pt  and  reduce  the 
amount  of  Pt  used  [3-5],  and  pyrolyzed  macrocyclic  complexes 
such  as  phthalocyanine,  porphyrin,  and  tetraazaannulene,  which 
serve  as  non-noble  metal  catalysts  [6-9]. 

Carbon-based  catalysts  are  among  the  most  promising  alterna¬ 
tives  to  Pt  catalysts  because  carbon-based  catalysts  are  expected 
to  be  more  abundant,  less  expensive,  and  more  durable  than  Pt 
catalysts,  due  to  absence  of  novel  metal  atoms  [10-13].  Carbon 
catalysts  have  conventionally  been  synthesized  by  pyrolysis  of 
organic  macrocycles,  carbonization  of  polymers  containing  nitro¬ 
gen  (and/or  boron)  precursors  [14,15],  or  pyrolysis  of  carbon 
materials  doped  with  M.  An  understanding  of  the  active  site  in  the 
carbon  catalysts  is  essential  for  elucidating  the  mechanism  of  ORR 
and  increasing  ORR  activity.  It  is  considered  that  there  are  mainly 
three  origins  contributing  to  the  ORR  activity:  carbon  structure, 
impurities  in  carbon  network,  and/or  active  center  of  M.  It  has  been 
reported  that  carbon  structures  with  sp 2  hybridized  orbitals  such 
as  nanotubes  [10,16],  nanofibers  [17,18],  and  nanoshells  [19,20], 
which  are  differentiated  by  the  exposure  of  edges  in  graphitic 
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planes,  affect  the  ORR  activity  of  carbon-based  catalysts.  In  addi¬ 
tion,  nitrogen  doping  improves  the  ORR  activity  of  carbon  catalysts 
[10,14],  suggesting  that  nitrogen  atoms  play  an  important  role  in 
improving  the  ORR  activity  of  the  carbon  catalysts  [21-24].  In  addi¬ 
tion  to  carbon  and  nitrogen,  the  contribution  of  metal  centers  such 
as  M-N4  structure  to  the  ORR  activity  of  carbon  catalysts  has  been 
investigated  [25-30].  In  carbon-based  catalysts,  the  ORR  active  sites 
that  determine  the  ORR  mechanism  are  still  in  dispute. 

It  has  been  reported  that  M-Nx  moieties  including  M-N4 
chelates  and  M-N-C  complexes  are  possible  ORR  active  sites  in 
carbon  catalysts  [25-30],  where  the  M  atoms  directly  contribute 
to  ORR  activity.  On  the  other  hand,  it  has  been  hypothesized  that 
the  M  atoms  themselves  are  not  active  in  the  ORR,  but  rather  act 
as  a  catalyst  for  the  formation  of  the  active  sites  in  the  carbon  cat¬ 
alyst,  as  metal  particles  are  known  to  be  good  catalysts  for  growth 
of  carbon  nanostructures  [31-33].  M  atoms  in  pyrolyzed  carbon- 
based  catalysts  reportedly  aggregate  into  nanoparticles  covered  by 
graphitic  layers  upon  pyrolysis  [34-36].  Therefore,  understanding 
the  detailed  chemical  states  of  the  M  atoms  is  essential  for  clarifying 
the  role  of  M  atoms  in  the  ORR  activity  of  carbon  catalysts. 

X-ray  absorption  fine  structure  (XAFS)  analysis  and  photoemis¬ 
sion  spectroscopy  (PES)  are  powerful  tools  for  investigating  the 
local  geometry  and  electronic  structure  of  each  constituent  ele¬ 
ment.  In  XAFS,  photoabsorption  from  a  core  level  to  an  unoccupied 
state  occurs  in  an  element-specific  manner.  The  X-ray  absorption 
signal  near  the  absorption  edge,  that  is,  the  X-ray  absorption  near¬ 
edge  structure  (XANES),  reflects  the  electronic  structure  of  the 
element.  Moreover,  intensity  oscillation  in  the  post-edge  region  as 
a  function  of  photon  energy,  namely,  the  extended  X-ray  absorption 
fine  structure  (EXAFS),  is  related  to  the  local  geometry  of  the  ele¬ 
ment  (i.e.,  coordination  number  and  distance  to  neighboring  atoms) 
[37].  Flard  X-ray  photoemission  spectroscopy  (FIXPES)  enables  us 
to  investigate  the  element-specific  electronic  structure  with  prob¬ 
ing  depth  of  aboutlOnm  from  the  surface  [38].  In  this  work,  we 
have  investigated  the  electronic  structure  of  Co  atoms  in  cobalt 
phthalocyanine  (CoPc)-based  carbon  catalysts,  before  and  after  acid 
washing,  by  XAFS  and  HXPES,  where  acid  washing  was  performed 
to  remove  Co  atoms.  The  CoPc  catalysts  have  been  prepared  by 
pyrolysis  of  a  mixture  of  CoPc  and  polymer  and  exhibit  ORR  activ¬ 
ity,  where  the  pyrolysis  temperature  of  1 000  °C  is  reportedly  higher 
than  the  temperatures  destroying  the  M-N4  structure  [34].  By  com¬ 
paring  the  XAFS  and  FIXPES  spectra  in  this  study,  both  the  bulk  and 
surface  electronic  structures  of  the  Co  clusters  covered  by  graphitic 
layers  of  several  nanometers  were  observed.  Based  on  these  find¬ 
ings,  we  discuss  the  role  of  Co  atoms  on  the  ORR  activity. 


2.  Experimental 

2.1.  Electrochemical  and  structural  characterization 

In  order  to  reveal  the  effects  of  M  atoms  on  ORR  activity,  CoPc- 
based  carbon  catalysts  were  evaluated.  CoPc-catalyst  samples  were 
prepared  by  pyrolyzing  a  mixture  of  CoPc  and  polymer  followed  by 
ball  milling  to  grind  the  mixture.  Flere,  planetary  ball  mill  (Fritsch, 
P-7)  was  employed,  the  rotating  rate  was  800  rpm,  and  the  dura¬ 
tion  was  90  min.  The  polymer  was  phenol  formaldehyde  resin  (Gun 
Ei  Chemical  Industry  Co.  Ltd.).  The  content  of  Co  in  the  precursor 
was  adjusted  to  3  wt%  in  the  mixture  of  cobalt  phthalocyanine  and 
phenol  resin.  The  mixture  sat  in  a  furnace  at  room  temperature, 
and  then  under  flowing  nitrogen  gas  the  temperature  of  furnace 
increased  up  to  1 000  °C  with  a  rate  of  1 0  °C  min-1 ,  and  then  kept  at 
1 000  °C  for  1  h.  After  ball  milling,  a  portion  of  the  pyrolyzed  sample 
was  washed  with  hydrochloric  acid  to  remove  Co,  i.e.,  the  samples 
were  stirred  in  1 2  M  hydrochloric  acid  for  1  h,  and  then  the  samples 
were  filtered.  After  this  procedure,  the  samples  were  stirred  again 


in  12  M  hydrochloric  acid  for  12  h.  Flereinafter,  the  CoPc-based  cat¬ 
alysts  (CoPc-PhRslOOO)  before  and  after  acid  washing  are  referred 
to  as  the  “as-grown”  and  “acid-washed”  samples,  respectively. 

Transmission  electron  microscopy  (TEM)  observation  of  the 
acid-washed  sample  was  performed  by  placing  the  sample  on  a 
grid  that  was  coated  with  a  carbon  film.  The  transmission  electron 
microscope  (JEM2010,  JEOL)  was  operated  at  an  acceleration  volt¬ 
age  of  200  keV.  The  ORR  activity  was  evaluated  by  rotating  ring 
disk  electrode  (RRDE)  voltammetry  in  0.5  mol  L-1  H2S04  saturated 
with  oxygen  at  room  temperature.  Conditions  of  the  RRDE  mea¬ 
surements  were  as  follows:  rotation  rate  -  1500  rpm,  potential 
scan  rate  -  1  mVs-1,  and  catalyst  loading  density  -  0.20  mg  cm-2. 
The  electrolyte  was  nitrogen  saturated  0.5  M  Fl2S04.  The  scanning 
range  was  from  0.8  to  -0.2  V  vs.  Ag/AgCl  with  the  scanning  rate  of 
50mVs-1  and  the  cycle  number  of  5  times.  In  this  work,  the  oxy¬ 
gen  reduction  potential  Eq2  is  defined  as  the  voltage  at  which  a 
reduction  current  density  of  -10  pAcnrr2  is  reached. 

2.2.  X-ray  absorption  and  photoemission  spectroscopy 
measurements 

XAFS  measurements  were  performed  at  beamline  BL14B2  of 
SPring-8  with  a  Si(  111)  double  crystal  monochromator.  The  XAFS 
spectra  of  the  samples  and  references  were  measured  in  the 
fluorescence-detection  and  transmission  modes  at  room  temper¬ 
ature,  respectively.  The  X-ray  fluorescence  signals  were  detected 
by  an  array  of  19-element  Ge  solid-state  detectors.  The  monochro¬ 
mator  resolution  was  E/AE  >  1 0,000.  The  analysis  of  the  EXAFS  data 
was  performed  with  the  REX2000  program  produced  by  Rigaku  Ltd. 
[39].  Curve  fitting  for  the  EXAFS  spectra  was  performed  by  ARTEMIS 
software  [40]  and  FEFF6L  [41].  FIXPES  measurements  were  per¬ 
formed  at  the  hard  X-ray  beamline  BL15XU  of  SPring-8  at  room 
temperature.  The  incident  photon  energy  was  5.95  keV.  The  base 
pressure  was  approximately  3  x  10_7Pa.  The  total  resolution  of 
the  FIXPES  measurements  including  temperature  broadening  was 
about  200  meV.  The  Fermi  energy  (EF)  was  determined  by  mea¬ 
suring  the  PES  spectra  of  evaporated  gold  that  was  electrically  in 
contact  with  the  surface  of  the  samples.  Co-metal  foil  and  CoPc 
were  also  measured  by  FIXPES  as  reference. 

3.  Results  and  discussion 

3.1.  Transmission  electron  microscopy 

Fig.  1  shows  a  TEM  image  of  the  acid-washed  CoPc-PhRslOOO 
sample.  The  image  indicates  that  aggregated  clusters  remain  in  the 
CoPc-PhRslOOO  even  after  acid  washing  to  remove  the  Co  atoms. 
It  can  also  be  seen  that  the  sample  has  shell-like  carbon  struc¬ 
tures,  as  in  the  cases  of  ferrocene-poly(furfuyl  alcohol)  mixture  [19] 
and  Co-[poly(4-vinylpyridine)]  complex  [20].  The  shell-like  struc¬ 
tures  originate  from  graphitic  multilayers,  which  are  thought  to 
be  related  to  ORR  activity  [20].  The  average  diameters  of  the  Co 
clusters  and  carbon  shells  are  8  nm  and  20  nm,  respectively. 

3.2.  RRDE  voltammetry 

Table  1  lists  the  electrochemical  properties  of  the  samples.  Eq2 
reflects  the  ORR  activity  of  the  catalysts.  The  voltammograms  of 
the  samples  have  been  shown  as  Fig.  1  in  Ref.  [42].  Comparing  the 
samples  before  and  after  the  acid  washing,  E0l  of  the  as-grown 
sample  was  found  to  be  the  same  as  that  of  the  acid-washed  sample 
although  about  40%  of  total  amount  of  Co  was  removed  by  the  acid 
washing  [42].  On  the  other  hand,  the  current  density  i0  7  increases 
upon  acid  washing.  These  results  suggest  that  the  acid  washing  does 
not  affect  the  density  of  active  sites  but  improves  the  conductivity 
of  the  sample,  as  in  the  case  of  washing  pyrolyzed  acetonitrile  with 
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Fig.  1.  Transmission  electron  microscopy  image  of  acid-washed  CoPc-PhRslOOO 
catalyst.  Arrows  and  circles  denote  shell-like  carbon  structures  and  Co  clusters, 
respectively. 

HF  over  alumina  impregnated  with  Fe  or  Ni  [1 7].  It  should  be  noted 
that  the  current  density  of  the  present  CoPc-based  carbon  catalysts 
is  improved  after  the  acid  washing. 

3.3.  CoKXAFS 

3.3.1.  XANES 

In  order  to  investigate  the  electronic  structure  of  the  Co  atoms, 
the  XANES  spectra  of  the  CoPc-PhRslOOO  samples  were  compared 
with  those  of  several  Co  species,  as  shown  in  Fig.  2(a).  Here,  the 
XANES  spectra  of  the  samples  are  normalized  to  the  post-edge  area. 
It  appears  that  the  peaks  at  7714  eV,  7729  eV,  and  7738  eV  are  char¬ 
acteristic  for  hep  Co  metal  (Co0+  Dh),  fee  Co  metal  (Co0+  Oh )  [43], 
Co  carbide  (Co-C)  [44],  CoO  (Co2+  Oh),  and  CoPc  (Co2+  D4h ),  respec¬ 
tively.  After  acid  washing,  relatively,  the  intensity  of  the  peak  at 
771 4  eV  slightly  increases,  while  the  intensity  of  the  peak  at  7729  eV 
decreases.  This  result  suggests  that  the  electronic  structure  of  Co 
changes  upon  acid  washing.  In  order  to  quantitatively  estimate  the 
relative  amounts  of  Co  components  present  in  the  catalyst,  the  Co 
I<  XANES  spectra  are  reproduced  by  combining  possible  Co  compo¬ 
nents,  namely,  hep  Co  metal  (Co0+  Dh),  fee  Co  metal  (Co0+  Oh )  [43], 
Co  carbide  (Co-C)  [44],  CoPc  (Co2+  D4h),  Co304  (Co2+  Td  and  Co3+ 
Oft),  CoO  (Co2+  Oft),  and  LaCo03  (Co3+  Oh).  The  results  are  listed  in 
Table  2  and  shown  in  Fig.  2.  Although  the  fitted  curves  reproduce 
most  of  the  peak  structures,  there  are  some  differences  between  the 
experimental  data  and  fitted  curves,  as  shown  in  Fig.  2(a)  and  (b), 
implying  that  small  amounts  of  other  Co  oxides  might  be  present 
in  the  samples. 

3.3.2.  EXAFS 

Fig.  3(a)  shows  k3 -weighted  EXAFS  oscillation  of  the  CoPc- 
PhRslOOO  catalysts.  As  shown  in  Fig.  3(b)  and  (c),  the  Fourier 

Table  1 

Electrochemical  activity  for  oxygen  reduction  reaction  of  CoPc-PhRslOOO  catalysts 
measured  by  rotating  disk  electrode  voltammetry.  Oxygen  reduction  potential  Eo2  is 
defined  as  the  voltage  at  which  reduction  current  density  of  - 1 0  jjlA  cm-2  is  reached. 


Current  density  at  0.70  V  vs. 

NHE  (z'0.7)  is  also  listed. 

Eo2  (V  vs.  NHE) 

I0.7  (fxAcnrr2) 

As-grown 

0.75 

-46.4 

Acid-washed 

0.75 

-49.8 

transform  of  the  k3 -weighted  EXAFS  oscillation  of  samples  has  sim¬ 
ilar  line  shape  and  shows  a  peak  around  approximately  2.1 5  A, 
which  is  similar  to  pure  Co  metal.  The  Fourier-transformed  oscil¬ 
lation  of  the  samples  has  low  intensity  at  the  peak  positions  of  the 
CoPc  and  CoO  spectra,  indicating  that  there  are  few  CoPc  and  CoO- 
like  components  in  the  samples,  which  is  consistent  with  the  results 
of  the  decomposition  analysis  of  the  XANES  spectra.  The  intensity 
at  approximately  2.1 5  ±0.01  A  is  lower  than  that  of  Co  metal,  as 
shown  in  Fig.  3(b)  and  (c).  In  fact,  the  curve  fitting  reveals  that 
the  coordination  number  (N)  of  8.0  ±  0.4  and  8.5  ±  0.4  of  the  Co-Co 
component  for  the  as-grown  and  acid-washed  samples,  respec¬ 
tively,  is  smaller  than  that  of  bulk  Co  metal  (NCo_metal  =  12).  The 
atomic  distance  R  between  the  Co  ion  and  nearest  neighbors  and 
the  coordination  number  N  of  the  Co  ion  have  been  estimated  from 
the  EXAFS  spectra  and  the  values  are  listed  in  Table  3.  Comparing 
samples  before  and  after  acid  washing,  the  estimated  distance  to 
the  neighboring  Co  remains  almost  unchanged,  while  the  obtained 
coordination  number  N  is  different  between  the  as-grown  and  acid- 
washed  samples.  We  cannot  adequately  discuss  the  origin  of  the 
difference  in  the  coordination  number  due  to  large  error  bars.1 

3.3.3.  Residual  Co  components 

Let  us  summarize  information  obtained  by  the  XANES  and  EXAFS 
analyses  to  evaluate  the  Co  components  before  and  after  acid  wash¬ 
ing.  In  both  the  as-grown  and  acid-washed  samples,  most  of  the 
Co  atoms  are  in  the  metallic  state  (Co0+  Dh,  Co0+  Oh,  and  Co-C) 
and  there  is  a  small  amount  of  the  Co2+  D4h  component,  indicating 
that  the  thermal  procedure  during  the  preparation  of  the  samples 
chemically  converts  most  of  the  Co  ions  of  CoPc  into  metallic  Co. 
The  result  that  the  metallic  Co  components  are  dominant  in  the 
samples  is  likely  consistent  with  the  previous  report  that  pyroly¬ 
sis  temperature  higher  than  700  °C  destroys  the  Co-N4  structure  in 
CoPc-based  catalysts  and  leads  to  appearance  of  metallic  Co  parti¬ 
cles  [34].  A  small  amount  of  the  Co2+  Oh  component  is  present  in 
the  sample,  and  the  signal  from  the  Co3+  Oh  and  Co2+  +  Co3+  compo¬ 
nents  are  undetectable.  Note  that  acid  washing  decreases  the  Co2+ 
Oft  components  relative  to  the  metallic  component,  implying  that 
the  Co2+  Oft  component  is  more  removed  than  the  metallic  Co  by 
the  acid  washing. 

The  lower  coordination  number  N  than  the  metallic  cobalt  could 
be  affected  by  the  clustering  of  cobalt.  The  relative  amount  of  the 
metallic  Co  component  compared  with  the  total  amount  of  Co 
atoms  (rCo-metai)  is  0.869  (86.9%)2  and  the  average  diameter  of  the 
aggregated  Co  cluster  is  approximately  8  nm.  For  an  fee  Co-metal 
cluster  with  a  diameter  of  8  nm,  the  ratio  rsurf  between  the  number 
of  surface  atoms  and  the  total  number  of  atoms  is  0.091  (9.1%) 3  For 
the  fee  structure,  the  surface  atoms  have  an  approximate  coordina¬ 
tion  number  Nsurf  of  7.3  (N = 8  for  the  (10  0)  plane  surface,  and  N  =  1 
for  the  (110)  and  (111)  plane  surfaces).  Then  assuming  that  the 
Co  clusters  only  consist  of  metallic  Co  and  the  lattice  constant  of 


1  Since  the  distinction  between  the  light  elements  (C,  N,  and  0)  is  probably  difficult 
in  the  EXAFS  analysis  (for  example,  distance  of  Co-N  bond  in  CoPc  of  1.9  A  is  close 
to  that  of  Co-C  one  in  C03C  of  1.9  A),  the  two  bonds  have  been  employed  for  fitting, 
i.e.,  Co-Co  and  Co-C  bonds.  Here,  the  Co-C  bond  represents  bonds  between  Co  and 
the  light  elements. 

2  The  amount  is  based  on  the  amount  of  Co-metal  (hep  and  fee)  and  Co-C  com¬ 
ponents  estimated  from  the  decomposition  analysis.  Here,  the  Co-C  component 
is  assumed  to  be  C03C.  Therefore,  total  amount  of  the  Co-metal  and  75%  of  the 
Co-C  is  the  amount  of  metallic  Co.  The  value  is  averaged  between  the  as-grown  and 
acid-washed  samples. 

3  Surface  volume  of  a  cluster  is  assumed  to  be  hollow  sphere  having  thickness 
of  lattice  constant  (the  diameter  is  the  same  as  the  cluster).  The  number  of  surface 
atoms  is  estimated  from  dividing  the  volume  of  hollow  sphere  by  the  volume  per 
an  atom.  When  the  diameter  of  cluster  increases,  the  ratio  between  the  number  of 
surface  atoms  and  the  total  number  of  atoms  decreases  because  the  thickness  of 
hollow  sphere  is  fixed  as  the  lattice  constant. 
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Table  2 

Results  of  decomposition  analysis  of  Co  /CXANES  spectra  of  CoPc-PhRslOOO  catalysts.  Error  bars  represent  ±3.0%. 


Co0+  Dh 

Co0+  Oh 

Co-C 

Co2*  Dh 

Co2+  +  Co3+ 

Co2*  Oh 

Co3+  Oh 

As-grown 

43.6% 

33.1% 

10.6% 

3.7% 

0% 

4.5% 

4.5% 

Acid-washed 

47.0% 

37.7% 

5.8% 

5.0% 

0% 

0.2% 

4.3% 

Photon  Energy  (eV)  Photon  Energy  (eV) 

Fig.  2.  Co  I<  XANES  spectra  of  CoPc-PhRslOOO  catalysts,  (a)  Comparison  between  Co  JC  XANES  spectra  of  Co  compounds.  References  are  hep  Co  metal  (Co0+  Dh),  fee  Co  metal 
(Co0+  Oh)  [43],  Co  carbide  (Co-C)  [44],  CoPc  (Co2+  D4h),  Co304  (Co2+,  Co3+:  Co2+  Oh,  Co3+  Td,  and  Co3+  Td ),  CoO  (Co2+  Oh),  and  LaCo03  (Co3+  Oh).  Dashed  lines  are  guides  for  the 
eye.  (b  and  c)  Decomposition  analysis  of  spectra  of  the  as-grown  and  acid-washed  CoPc-carbon  catalysts,  respectively.  Difference  between  the  experiment  spectra  and  the 
results  of  fitting  are  also  shown,  and  the  offsets  for  the  difference  spectra  are  -10. 


Table  3 

Results  of  curve  fitting  for  the  Fourier-transformed  EXAFS  oscillation  k3x  of  the  CoPc-PhRslOOO  catalysts.  The  atomic  distance  R  (A),  coordination  number  N,  Debye-Waller 
factor  cr2  (A2),  and  energy  shift  A E0  (eV)  are  listed.  The  values  in  blankets  denote  error  bar. 


Bond  type 

r(A) 

N 

cr2  (A2) 

AEq  (eV) 

As-grown 

Co-Co 

2.495  (0.002) 

8.0  (0.4) 

0.0057  (0.003) 

-0.22  (0.48) 

Co-C 

2.062  (0.042) 

1.3  (0.2) 

0.0128(0.0143) 

-0.22  (0.48) 

Acid-washed 

Co-Co 

2.491  (0.002) 

8.5  (0.4) 

0.0057  (0.003) 

-0.87(0.42) 

Co-C 

2.085  (0.042) 

0.9  (1.4) 

0.0154(0.0304) 

-0.87(0.42) 

hep  Co  is  approximately  the  same  as  fee  Co  (the  number  of  nearest 
neighbors  of  hep  Co  is  the  same  as  fee  Co  and  the  volume  per  atom 
of  1 1 .09  A3  in  hep  Co  is  almost  the  same  as  that  of  1 1 .1 4  A3  in  hep  Co 
[45]),  the  average  coordination  number  of  the  Co-Co  components 
Ncalc  can  be  calculated: 

^calc  —  rCo-metal  x  [^surf  x  rsurf  +  ^Co-metal  x  (1  —  rsurf)]  =  10.1  (1) 

This  estimated  value  of  Ncalc  is  slightly  larger  than  the  coordina¬ 
tion  number  N  of  8.0  or  8.5  ±  0.4  estimated  from  the  EXAFS  analysis 
(79.2  or  84.2  ±  4.0%  of  the  Ncalc  for  the  Co-metal  cluster),  suggesting 
that  the  Co  clusters  are  primarily  composed  of  metallic  Co  and  may 
include  a  small  amount  of  oxidized  Co  components  and/or  a  porous 
structure  (the  total  amount  of  about  15%). 

3.4.  HXPES 

The  probing  depth  of  Co  2 p  HXPES  of  about  lOnm  is  shorter 
than  that  of  Co  I<  XAFS  that  probes  several  micrometers.  Since  the 


Co  clusters  are  covered  by  shell  structures  having  a  thickness  of 
about  lOnm,  the  surface  and  bulk  electronic  structures  of  the  Co 
clusters  can  be  evaluated  by  taking  advantage  of  this  difference 
in  probing  depth.  In  addition  to  the  surface  of  Co  clusters,  HXPES 
also  probes  the  surface  of  the  pores/channels  inside  the  catalysts. 
Fig.  4  shows  the  Co  2 p  HXPES  spectra  of  the  CoPc-PhRslOOO  cata¬ 
lysts.  The  intensities  are  normalized  to  the  total  number  of  incident 
photons.  There  are  two  characteristic  peaks  in  the  as-grown  sam¬ 
ple.  The  sharp  and  broad  peaks  at  778  eV  and  781  eV  are  assigned 
to  metallic  Co  (Co0+)  and  oxidized  Co  (Co2+)  components,  respec¬ 
tively  [46].  It  is  probable  that  the  oxidized  Co  states  of  the  as-grown 
sample  predominantly  originate  from  the  CoPc-  and  CoO-like  com¬ 
ponents  observed  by  XANES.  In  the  as-grown  sample,  the  Co  2 p 
HXPES  intensity  of  the  metallic  Co  state  is  almost  the  same  as 
that  of  the  oxidized  Co  states,  while  the  metallic  Co  component 
observed  by  the  Co  K  XANES  is  much  larger  than  the  oxidized  Co 
component.  These  observations  indicate  that  the  oxidized  Co  ions 
coexist  with  the  metallic  Co  atoms  at  the  surface  of  the  Co  clus- 
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Fig.  3.  Co  KEXAFS  spectra  of  CoPc-PhRslOOO  catalysts,  (a)  k3 -Weighted  EXAFS  oscil¬ 
lations.  Fourier  transform  of  the  k3 -weighted  EXAFS  oscillation  as  a  function  of 
atomic  distance  for  (b)  as-grown  and  (c)  acid-washed  samples  and  the  fitted  spectra 
are  shown.  Here,  ranges  between  the  vertical  dashed  lines  correspond  to  the  fitting 
range.  The  spectra  of  Co  metal,  CoO,  and  CoPc  are  also  plotted  as  reference. 

ters  or  pores/channels  inside  the  catalysts  in  the  as-grown  sample. 
In  contrast,  in  the  acid-washed  sample,  the  signal  from  the  oxi¬ 
dized  Co  components  is  hardly  detectable  and  a  slight  decrease 
in  the  signal  of  the  metallic  Co  component  compared  with  that  of 
the  as-grown  sample  is  observed.  This  result  suggests  that  the  acid 
washing  process  removes  a  portion  of  the  metallic  Co  and  most  of 
the  oxidized  Co  ions  from  the  surface  of  aggregated  Co  clusters  of 
the  surface  of  the  pores/channels  inside  the  catalysts.  In  contrast, 
the  electronic  structures  of  C  and  N  were  nearly  unchanged  by  the 
acid-washing  [42].  It  should  be  noted  that  although  the  oxidized 
Co  components  are  detected  by  XAFS,  the  surface  of  Co  clusters 
are  primarily  composed  of  the  metallic  Co  component  after  acid 
washing. 

3.5.  Discussion 

Finally,  we  discuss  the  relationship  between  the  ORR  catalytic 
properties  and  the  role  of  Co  atoms,  based  on  the  experimental 
findings.  Comparing  the  electrochemical  properties  of  the  as- 
grown  and  acid-washed  samples,  the  electrochemical  properties 
are  slightly  improved  by  acid  washing,  as  described  above  (see 
Table  1 ),  which  suggests  that  the  Co  components  removed  by  acid 
washing  hardly  contribute  to  the  improvement  of  ORR  activity. 
The  metallic  and  oxidized  Co  components  observed  by  FIXPES  are 
reduced  by  acid  washing,  and  it  is  likely  that  these  components  are 
not  responsible  for  the  ORR  activity  of  the  CoPc-PhRsl  000  catalysts. 
The  result  that  residual  Co  metal  is  inactive  for  ORR  is  consistent 
with  reports  on  the  rotating  disk  voltammetry  of  pure  Co  metal 
[4]  and  Co  metal  supported  by  carbon  (Co  loading  of  1.2%)  [11].  It 
follows  from  these  arguments  that  Co  atoms  which  mainly  consist 
of  metallic  and  oxidized  Co  components  do  not  significantly  make 
a  direct  contribution  to  the  ORR  activity  of  the  CoPc-PhRslOOO.  It 
is  also  worth  noting  that  the  Co  nanoclusters  predominantly  con¬ 
sist  of  metallic  Co  components.  It  has  been  reported  that  metal 


Binding  Energy  (eV) 


Fig.  4.  Co  2 p  HXPES  spectra  of  CoPc-PhRslOOO  catalysts.  Constant  values  have  been 
subtracted  from  spectra  corresponding  to  the  height  on  the  lower  binding  energy 
side  of  the  main  peak.  The  intensities  are  normalized  to  total  photon  flux  in  order 
to  enable  comparison  of  Co  contents  between  the  two  samples.  Dashed  lines  are 
guides  for  the  eye.  As  reference,  Co  2 p  HXPES  spectra  of  Co  metal  and  CoPc  are  also 
shown.  The  arrow  denotes  oxidized  Co  components  on  the  surface  of  Co  metal. 


nanoparticles  such  as  Fe  and  Co  act  as  catalysts  for  the  growth  of 
carbon  nanotubes  [47],  and  the  nanoparticles  are  encapsulated  by 
graphitic  multilayers  upon  pyrolysis  at  temperatures  lower  than 
those  required  to  grow  carbon  nanotubes  [48].  In  regards  to  the 
encapsulation,  it  has  been  reported  that  metal  nanoparticles  with 
diameter  less  than  2nm  are  not  encapsulated  [49]  and  that  the 
number  of  encapsulating  graphitic  layers  increases  with  increas¬ 
ing  diameter  of  the  metal  nanoparticles  [50,51  ].  The  result  that  the 
nanoshell  structures  had  20  nm  (8  graphitic  layers)  on  average,  as 
estimated  from  TEM  images,  is  similar  to  the  report  on  the  encap¬ 
sulation  of  7-nm  particles  by  6  graphitic  layers  [52].  Therefore, 
we  conclude  that  the  metallization  of  Co  is  related  to  develop¬ 
ment  of  the  carbon  nanoshell  structure  in  the  CoPc-based  carbon 
catalysts. 


4.  Conclusion 

In  conclusion,  we  have  performed  XAFS  and  HXPES  mea¬ 
surements  on  CoPc-based  catalysts,  which  were  pyrolyzed  up  to 
1000°C,  before  and  after  acid  washing  in  order  to  investigate  the 
relationship  between  ORR  activity  and  the  presence  of  Co  atoms. 
The  decomposition  analysis  of  the  Co  I<  XANES  spectra  demon¬ 
strated  that  the  Co  clusters  are  predominantly  composed  of  metallic 
Co  with  only  small  quantities  of  oxidized  components.  The  analysis 
for  the  EXAFS  spectra  suggested  that  the  aggregated  Co  clusters  in 
the  CoPc-PhRs  1 000  catalysts  that  were  observed  by  TEM  are  mainly 
composed  of  metallic  Co.  Acid  washing  effectively  reduced  the  total 
amount  of  Co,  and  the  oxidized  Co  components  on  the  surface  of 
the  Co  clusters  were  preferentially  removed.  Comparing  the  above 
results  with  the  electrochemical  properties  before  and  after  acid 
washing,  we  conclude  that  both  the  metallic  and  oxidized  Co  com¬ 
ponents  are  inactive  for  the  ORR  in  the  CoPc-PhRslOOO  catalysts. 
It  follows  from  these  arguments  that  the  residual  Co  atoms  them¬ 
selves  are  not  ORR  active  site  in  the  CoPc-based  carbon  catalysts 
pyrolyzed  at  high  temperatures,  implying  that  the  active  sites  of 
the  CoPc-based  carbon  catalysts  should  reside  on  light  elements 
such  as  C  and  N. 
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